ABSTRACT Proteins that are located adjacent to the 5' end of mRNA in initiation complexes have been detected by chemical crosslinking. Reovirus mRNA containing radioactivity exclusively in the [3H]methyl-labeled "cap," m7G(5')ppp(5') GM, was oxidized with sodium periodate to conveit the 2',3'-cis-diol of the 5'-terminal m7G to a reactive dialdehyde. Oxidized mRNA was incubated in cell-free protein-synthesizing systems derived from wheat germ or mammalian cells, and the resulting mRNA-ribosome initiation complexes were reduced with NaBH3CN. By this chemical procedure, putative Schiff bases between mRNA 5' termini and amino groups of neighboring proteins were stabilized by reduction, yielding covalently linked protein-RNA conjugates. Under conditions of ribosome binding, a limited number of polypeptides associated with the mRNA-ribosome complexes were crosslinked, suggesting that these proteins are positioned near and may interact with the 5' end mRNA during initiation. This method should also be useful for studying the spatial relationships between molecules in other similar nucleoprotein complexes. A "cap" structure, m7GpppX, is present at the 5' end of most eukaryotic mRNAs (1). Several lines of evidence indicate that the cap in reovirus mRNA and other viral and cellular mRNAs has an important functional role. Reovirus capped and methylated mRNA (5'-m7GpppGm) is translated more efficiently than unmethylated (5'-GpppG) or unblocked (5'-ppG) viral mRNAs (2). Removal of the m7G from methylated mRNA by chemical (3) or enzymatic treatment (4) lowers its template activity in cell-free protein-synthesizing systems, and the absence of a 5'-blocked structure results in a decrease in the stability of reovirus mRNA (5). In addition, compounds structurally related to the cap-e.g., m7GMP and m7GDP-inhibit translation in vitro (6-9). These "cap analogs" interfere with the binding of mRNA to 40S ribsomal subunits in initiation compexes, presumably by competing with the 5' end of mRNA for some essential site or component(s).
sence of a 5'-blocked structure results in a decrease in the stability of reovirus mRNA (5) . In addition, compounds structurally related to the cap-e.g., m7GMP and m7GDP-inhibit translation in vitro (6) (7) (8) (9) . These "cap analogs" interfere with the binding of mRNA to 40S ribsomal subunits in initiation compexes, presumably by competing with the 5' end of mRNA for some essential site or component(s).
Previously it was reported that wheat germ 40S ribosomal subunits bind to the 5'-terminal region of reovirus mRNAs and protect cap-containing sequences against RNase digestion (10) . Because initiation complexes include protein factors capable of binding mRNA, protection of 5' sequences could be due to an interaction of one or more of these proteins with mRNA at or near the cap. Proteins that bind to m7GpppGm-C, the 5'-terminal oligonucleotide derived from reovirus mRNA by T2 RNase digestion, have been detected in high-salt washes of Artemia salina ribosomes (11) . Furthermore, the binding of rabbit reticulocyte initiation factor M3 (eIF-4B) to histone mRNA is inhibited by m7GMP, suggesting that binding involves the cap (12) . As part of an effort to understand how the cap influences eukaryotic mRNA function, we have assayed initiation complexes for the presence of proteins that are located
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near the capped end of mRNA, as examined by the ability of such proteins to be chemically crosslinked to the oxidized 5' end of reovirus mRNA.
MATERIALS AND METHODS Viral mRNAs. Reovirus mRNA containing 5'-terminal m7GpppGm was synthesized with viral cores in the presence of [methyl-3H]AdoMet (specific activity, 70 Ci/mmol; New England Nuclear) or unlabeled AdoMet as described (13) . mRNA with 5'-terminal ppG was also synthesized with cores in the presence of pyrophosphate and S-adenosylhomocysteine (14) . The large, medium, and small classes of viral mrRNA were separated by centrifugation in glycerol gradients (5) . Periodate oxidation was carried out under conditions that quantitatively converted the 5'-terminal m7G to a dialdehyde, and the treated mRNA was repurified by Sephadex G-100 gel filtration (13) .
Protein Synthesis Components. Published procedures were used to prepare wheat germ S23 extract, S100 extract depleted of ribosomes, and 60S ribosomal subunits (9), rabbit reticulocyte lysate (15) , mouse ascites ribosomes (16) , and reticulocyte initiation factors (17) .
Conditions for Ribosome Binding.
[3H]Methyl-labeled oxidized mRNA (8 to 10 X 104 cpm//g) was incubated in 100 Al of wheat germ extract (9) or reticulocyte lysate (13 (2) (5'-ppG), the 3H-labeled bands at -135,000, -93,000, and -26,000 persisted (Fig. 1B, lanes 1 and 4) , in agreement with their decrease in the presence of cap analogs (Fig. 1A, lanes  2-4) . In contrast, the -33,000 band, which increased when cap analogs were added, was diminished in the presence of the uncapped mRNA (Fig. 1B, lane 4) . Addition of excess untreated, capped, methylated mRNA (5'-m7GpppGm) eliminated almost completely the 3H-labeling of polypeptides (lane 5) , consistent with other results demonstrating that oxidized mRNA functions correctly in cell-free translating systems (13, 21) . These results, together with the earlier observation that uncapped unmethylated reovirus mRNA does not compete with capped methylated mRNA for binding to ribosomes (13, 22) again suggest that crosslinking of the 135,000, 93,000, and 26,000 polypeptides requires functional interaction of mRNA with ribosomes.
ATP hydrolysis is required fori-ntiatn of eukaryotic protein syntheis (23, 24) , and addtm to the incubation mixture of the nohydrolyzable analog, AMP-P(NH)P diminished ribosome binding. 3H-Labeling of the "135,000 and .-OOO bands was concomitantly decreased and the 93,000 bh was more diffuse (Fig. 1B, lanes 1 and 2) , suggesting that crosslinking to these proteins depends upon initiation complex formation. Consistent with this suggestion, the 3H-labeled polypeptides obtained when oxidized mRNA was incubated under binding conditions in wheat germ Sloo (i.e., extract depleted of ribosomes) were similar to those found when ribosome binding was inhibited by m7GDP (Fig. 1C) . The methylene derivative of GTP, GMP-P(CH2)P, which increases the yield of reovirus mRNA-40S ribosome complexes by blocking the joining of 60S subunits (10, 23) , increased 3H-labeling of the -135,000 polypeptides and decreased the -26,000 band (Fig. 1B, lane 3) .
The results in Fig. 1 suggest that oxidized mRNA bound to ribosomes can be attached covalently at the 5' end to poly- peptides in the initiation complexes and that the yield of crosslinked high molecular weight polypeptides is greater from 40S complexes. To demonstrate more clearly the effect at the 40S level, oxidized mRNA was incubated in wheat germ extract under various conditions, and aliquots of each binding mixture were assayed for 40S and 80S complexes by sedimentation in glycerol gradients. The remainder of each sample was directly reduced with NaBH3CN and analyzed by electrophoresis. In the presence of 0.5 mM GMP-P(CH2)P, ribosome-bound [3H]methyl radioactivity was equally distributed between 40S and 80S complexes (Fig. 2A) ; only monosomes were obtained with S23 extract in the presence of GTP (Fig. 2B) . When oxidized mRNA was incubated in a reconstituted mixture of 40S and 60S ribosomal subunits, mainly monosomes were obtained (Fig. 2C) , and extracts depleted of 60S subunits formed only 40S complexes with mRNA (Fig. 2D , note 2-fold volume analyzed). The levels of specifically crosslinked 3H-labeled polypeptides (-135,000, -93,000, and -26,000) were similar from S23 extract and the reconstituted mixture-i.e., under conditions of 80S complex formation (Fig. 3A, lanes 2 and 3) . Accumulation of 40S complexes was accompanied by an increase in 3H-labeling of the -135,000 and -93,000 polypeptides (Fig.  3A, lanes 1 and 4) . The same spectrum of polypeptides appeared to be crosslinked to [3H]methyl-labeled mRNA after reduction of incubation mixtures that contained mainly 40S complexes or both 40S and 80S complexes. This finding was confirmed by examining isolated complexes. Oxidized mRNA was bound to ribosomes in the presence of GMP-P(CH2)P; after reduction with NaBH3CN, 40S and 80S complexes were separated by centrifugation in a glycerol gradient (Fig. 4) . The purified complexes were concentrated and analyzed in sodium dodecyl sulfate/polyacrylamide gels after RNase digestion. As shown The remaining volumes of the incubation mixtures described in the legend to Fig. 2 were subjected to NaBH3CN reduction, RNase digestion, and electrophoresis in polyacrylamide gels. Lanes 1, 2, 3 and 4 correspond to Fig. 2 D, C in Fig. 3B , the band patterns were similar for 80S and 40S complexes (lanes 1 and 2, respectively). Relatively more intense bands of -135,000 polypeptides were obtained from 40S complexes (lane 2, total 43,000 cpm analyzed) as compared to 80S complexes (lane 1, total 68,000 cpm analyzed). Most of the 3H-labeled material present in the 50,000-68,000 region of gel profiles from analyses of total incubation mixtures was absent from the purified complexes; essentially the only crosslinked polypeptides remaining were the two 135,000, the 93,000, and the 26,000 bands-i.e., the same ones that were also affected by cap analogs. The [3H]methyl radioactivity remaining at the top of the gradient (Fig. 4) yielded small amounts of -135,000 material and the -43,000 polypeptide that was absent from the ribosome complexes (Fig. 3B, lane 3) . Thus, the polypeptides in wheat germ protein-synthesizing extract that were crosslinked specifically to [3H]methyl-labeled 5 mRNA, under conditions that promoted ribosome binding, were retained in the purified mRNA-ribosome initiation complexes.
Crosslinking of Viral mRNA to Reticulocyte Polypeptides. Maximal binding of reovirus mRNA to rabbit reticulocyte ribosomes depends upon the presence of a cap, and cap analogs inhibit binding (13) . Thus, we looked for proteins in the mammalian system that can be cross-linked to mRNA 5' termini in initiation complexes. Oxidized [3H]methyl-labeled reovirus mRNA was incubated in reticulocyte lysates and reduced with NaBH3CN under the same conditions used for crosslinking in wheat germ extract. By gel analysis, two 3H-labeled bands were detected with apparent molecular weights of -160,000 and -35,000 (Fig. 5B, lane 5) . In different preparations, the 160,000 band was always the prominent 3H-labeled component but in some preparations the -35,000 band was of low intensity. The addition of m7GDP decreased the extent of mRNA binding to ribosomes from 43% to 16%, and crosslinking to both polypeptides was sharply reduced (lane 4). GDP did not affect ribosome binding or crosslinking (lane 3). AMP-P(NH)P decreased binding and polypeptide labeling only partially (lane 2), presumably due to a high endogenous level of ATP (25) . Consistent with crosslinking of mRNA and polypeptides occurring on initiation complexes, no 3H-labeled polypeptides were observed when ribosome binding was prevented by incubating lysates at 0° (Fig. 5C, lane 3 ). Nonoxidized mRNA, tested as a control, also yielded no 3H-labeled polypeptides (Fig.  5C , lane 1) compared to oxidized mRNA (lane 2), although it bound to a greater extent than the periodate-treated mRNA. The lower binding of oxidized mRNA possibly was due to spontaneous fl-elimination with loss of m7G (unpublished data).
The high molecular weight (-160,000) crosslinked polypeptide is probably not one of the ribosomal proteins, which are considerably smaller (<60,000, see ref. 26 ), but the -160,000 protein may correspond to an initiation factor-e.g., eIF-5 (170,000) or the large subunit of eIF-S (-160,000) (23) . Consistent with this possibility, a 3H-labeled -160,000 polypeptide was also obtained when oxidized [3H]mRNA was incubated in a mixture containing mouse ascites cell ribosomes and reticulocyte factors (Fig. 5A and B, lane 1) . The -35,000 band detected in lysates was usually labeled in the mixed system, together with polypeptides migrating at '135,000, -100,000, -68,000, and -30,000. Some weakly 3H-labeled bands, but not the 160,000 and 35,000 polypeptides, were observed when oxidized mRNA was incubated with ascites ribosomes without reticulocyte factors, conditions in which ribosome binding was 6% of the input radioactivity (Fig. 5A, lane  2) . Thus, the 160,000 and 35,000 polypeptides may be contributed by the reticulocyte factor preparation (which is not highly purified); alternatively, these polypeptides may be present in the ascites ribosome preparation but unable to react with mRNA in the absence of reticulocyte factors, which provide component(s) essential for mRNA incorporation into ribosome complexes. Further support of a requirement for complex formation was obtained with m7GDP which inhibited ribosome binding by 3-fold and the crosslinking of 3H-labeled material to the -160,000 and -35,000 polypeptides (Fig. 5A,  lane 3) . By contrast, GDP did not decrease ribosome binding or crosslinking to these polypeptides but 3H-labeling of a nonspecific 26,000 band was increased (lane 4). Inhibition of ribosome binding by AMP-P(NH)P, which was almost complete (80%) in the reconstituted system, also abolished most of the crosslinking (lane 5). Addition of the GTP analog GMP-P(CH2)P resulted in an increase in the formation of 40S initiation complexes and increased the extent of 3H-labeling of the -160,000 and -135,000 polypeptides (lane 6). Thus, rabbit reticulocytes contain a limited number of polypeptides, probably two in high-salt wash of ribosomes, that can be specifically crosslinked to the 5' end of oxidized reovirus mRNA under conditions of initiation of protein synthesis.
DISCUSSION
Polypeptides that interact with the 5' end of mRNA have been detected in eukaryotic cell-free translating systems by chemical crosslinking. The technique of reductive crosslinking has been similarly used previously to identify proteins located near the 3' terminus of oxidized 16S RNA in 30S ribosomes of E. coli (27) (28) (29) . However, this relatively simple procedure has not found general acceptance for analyzing nucleic acid-protein interactions, possibly because, under some conditions, yields of stable complexes are low. Initial experiments with sodium borohydride, the reducing agent used in earlier studies, gave no crosslinks with oxidized [3H]methyl-labeled reovirus mRNA, but 3H-labeled polypeptides were readily obtained after reduction of mRNA-ribosome initiation complexes with NaBH3CN. This agent, suggested to us by C. Cantor, apparently favors formation of stable crosslinks from Schiff bases because it does not reduce aldehydes at neutral pH (18) . In contrast, sodium borohydride preferentially converts dialdehydes in oxidized mRNA to nonreactive cis-diols. The improved yield obtained with NaBH3CN should make this procedure a more generally attractive one-for example, to increase the extent of radioactive labeling of purified proteins by reductive methylation with labeled formaldehyde.
Several observations suggest that the wheat germ 135,000, 93,000, and 26,000 polypeptides, and the reticulocyte 160,000 and 35,000 polypeptides that were chemically crosslinked to the [3H]methyl-labeled m7GpppGm-C ... of capped reovirus mRNA interact specifically with the 5' end of mRNA. The number of 3H-labeled polypeptides obtained from the different translating systems with [3H]methyl-labeled reovirus mRNA was limited and reproducible. Crosslinking depended upon the formation of initiation complexes, and the polypeptides that Biochemistry: Sonenberg and Shatkin were specifically 3H-labeled were found associated with the isolated mRNA-ribosome complexes. When ribosome binding was decreased by incubation at 00, depletion of initiation factors or ribosomes, or addition of nucleotide inhibitors including cap analogs, there was a parallel decrease in crosslinking of these polypeptides to the [3H]methyl-labeled, oxidized m7G at the 5' end of mRNA.
Reovirus cores catalyze the post-transcriptional modification of viral mRNA and, in the presence of [a-32P]GTP, convert 5'-terminal ppG to GpppG (30) . By this procedure unmethylated oxidized mRNA lacking m7G but 32P-labeled exclusively in the 5'-terminal G pG ... was obtained and tested for crosslinking in initiation complexes. Incubation with reticulocyte lysates yielded a low level (12%) of ribosome binding, and the 160,000 polypeptide was again found to be the most highly 3H-labeled band after NaBH3CN reductive crosslinking. (m7GDP did not inhibit the binding or subsequent crosslinking of 5'-G ppG mRNA.) Thus, the same reticulocyte "160,000 polypeptide interacted in initiation complexes with the 5' end of unmethylated, blocked mRNA (5'-GpppG) or methylated, capped mRNA (5'-m7GpppGm). The presence of a methylated 5' terminus promoted the extent of ribosome binding and interaction by several-fold but did not qualitatively alter the positioning of the mRNA within the initiation complex, as reflected in the pattern of labeled proteins obtained after reductive crosslinking.
The identity of the crosslinked polypeptides remains to be established. However, it is possible that the 3H labeled high molecular weight protein in reticulocyte lysates may be one of the subunits of the complex initiation factor eIF-3 because partially purified eIF-3 from reticulocytes (and mouse ascites cells) contained a band that comigrated with the crosslinked 3H-labeled band in polyacrylamide gels. The other high molecular weight reticulocyte factor, eIF-5, was similarly analyzed and migrated more slowly than the 160,000 polypeptide (unpublished data). The 160,000 polypeptide is apparently not released from ribosomes after mRNA binding but remains on 80S as well as 40S initiation complexes and is subsequently crosslinked. Consistent with this observation, it was found previously that, although most of the radioactivity from 125I-labeled eIF-3 was released from 40S initiation complexes upon joining of the 60S ribosomal subunits, a fraction of the radioactivity remained on 80S complexes (H. Trachsel, personal communication). Several different laboratories have purified eIF-3 from the high-salt wash of reticulocyte ribosomes and reported similar multiple components (17, 31, 32) . However, the polypeptide subunit of highest molecular weight was present in less than molar yield in some cases (31, 33) and more in another (23, 32) , possibly i.adicating that this component readily exchanges from the very large complex. Further studies of highly purified proteins will be necessary to determine if the crosslinked polypeptides described in this report correspond to initiation factors, mRNP proteins, or "cap binding" proteins.
